Two experiments were conducted to determine the effect of sources of dietary zinc on gain, feed conversion and blood and bone traits of swine. In the first experiment 96 pigs were used in a 28-d study. The pigs were fed diets with no supplemental Zn or with either 9 or 12 ppm supplemental Zn from zinc sulfate (ZnSO 4), zinc methionine (ZnMet) or zinc methionine with picolinic acid (ZnMet w/PAL each with or without 5% added corn oil. There were differences (P<.05) in average daily gain (ADG) and average daily feed intake (ADFI) between the pigs fed the two organic Zn sources, with those fed ZnMet w/PA showing the better gains and feed conversion.
Introduction
The use of chemical chelation to improve biological availability of minerals has received increased attention in the last decade. Evans and Hahn (1974) found two metal-binding components in rat intestine and suggested that the low molecular weight fraction was involved with zinc transport across the intestinal epithelium. Subsequently, Evans and Johnson (1979) isolated and characterized a low molecular weight, Zn-binding ligand in human milk. This ligand was identified as picolinic acid, a metabolite of tryptophan and a strong, bidentate chelating agent. Evans (1980) 2The technical assistance of Mary Barnes, Joy Kovar and Roy Carlson is gratefully acknowledged and appreciation is expressed to Diana J. Smith for manuscript preparation.
s The Zn-methionine and Zn-methionine with picolinic acid were furnished by ZINPRO Corp., Chaska, MN 55318.
4 To whom reprint requests should be addressed. SCurrent address: Dept. of Anim. ScL, North Dakota State Univ., Fargo, ND 58105.
6 Dept. of Anita. Sci. Received September 16, 1985 . Accepted January 20, 1986 picolinic acid, produced in the exocrine glands of the pancreas and secreted into the intestinal lumen, forms a zinc complex that facilitates absorption through the mucosal wall. Evidence suggesting that picolinic acid may aid Zn uptake in humans with Zn malabsorption has been reported by Krieger (1980) . However, this effect was not observed in Zn-deficient calves (Flagstad, 1981) . Hanson et al. (1958) reported that essential fatty acid deficiency and zinc deficiency in swine were similar in dermal histology, and that supplementation with essential fatty acids was as effective as zinc for the treatment of parakeratosis.
The purpose of the present research was to: 1) determine the nutritional value of inorganic and organic sources of Zn for swine, 2) determine the effect of picolinic acid on Zn uptake and 3) determine the effect of additional essential fatty acids on zinc nutrition of growing-finishing swine.
Experimental Procedure
Exp. 1. Ninety-six crossbred pigs (Yorkshire • Landrace x Hampshire) were randomly allotted to a 4 • 2 factorial arrangement of treatments. The dietary treatments were: no supplemental Zn, zinc sulfate (ZnSO4"H20), zinc methionine (ZnMet) and zinc methionine with picolinic acid (ZnMet w/PA), each fed with or without 5% added corn oil as an essential fatty acid source. There were three pens/ treatment with two barrows and two gilts/pen. Average initial weight of the pigs for the 28-d study was 13.0 kg. Feed and water were offered ad libitum. The experimental pens had concrete walls and floors. Feeders were made of galvanized metal, but were painted with a non-Znbased paint to minimize intake of non-dietary sources of Zn. All other sources of possible environmental zinc contamination were minimized as much as was practical. Water supplied from nipple waterers was from the City of Lincoln, Nebraska and contained 1.1 ppm Zn by analysis. The corn-soybean meal basal diet (composition and analysis presented in table 1) was formulated to meet NRC (1979) requirements (except Zn) and to contain 18% crude protein, .65% Ca and .50% P. The low zinc levels were used to create a zinc-stress situation for the pigs and thus, accentuate any differences among zinc sources. Detection of possible differences among sources would be minimized if adequate zinc levels were fed. By analysis, diets with no added corn oil contained 36 ppm Zn; those diets with 5% added corn oil contained 33 ppm Zn. The Zn-supplemented diets were formulated to contain 45 ppm total Zn. Pigs were weighed, at 7-d intervals. Non-fasted blood samples were taken initially and at 14-d intervals for serum Zn, Cu and albumin determinations. Blood samples were taken from the brachial region of each pig using a bloodcollecting syringe 7. Serum was prepared for analysis by diluting 1.0 ml serum with 4.0 ml .1 N HC1 for Zn and Cu determination by atomic absorption spectroscopy. Serum albumin was analyzed by the bromocresol green method of Doumas et al. (1971) . A skin scoring system, similar to that described by Lewis et al. (1956) , was used to assess visual evidence of parakeratotic lesions, with a score of 1 indicating no lesions and 5 indicating severe lesions. The composite scores of seven evaluators were used for skin lesions. All response criteria were analyzed by orthogonal contrasts as described by Steel and Torrie (1980) and calculated by the Statistical Analysis System (SAS, 1979) . 
Exp. 2. Two hundred forty Yorkshire x
Landrace pigs were fed the same four Zn treatments that were fed in Exp. 1. Corn oil was deleted as a variable in this experiment. During the nursery phase each treatment was replicated three times with 10 barrows and 10 gilts randomly assigned to each replicate. Average initial pig weight was 7.5 kg for the 21-d nursery phase. Ninety-six pigs (four barrows and four gilts/replicate) nearest the mean pen weight were pre-selected for bleeding and continuation through a 112-d growing-finishing phase. Average pig weight at the start of the growing-finishing phase was 16.2 kg. Feed and water were offered ad libitum. Possible environmental zinc contamination was again minimized as much as was practical. Water contained .4 ppm Zn by analysis. Feeders were made of stainless steel for the nursery phase and wood for the growing-finishing phase. The basal diet was composed primarily of corn, soybean meal and cornstarch (composition and analysis, table 2). The nursery diets were formulated to contain 16% crude protein, .65% Ca, .50% P and 26 ppm Zn. The growing-finishing basal diet was formulated to contain 14% crude protein, .65% Ca, .50% P and 24 ppm Zn. The Zn-supplemented diets were formulated to contain 40 ppm total Zn. Pigs were weighed at weekly intervals during the nursery phase and at 2-wk intervals during the remainder of the experiment. Non-fasted blood samples were taken initially, at the end of the nursery period and at 28-d intervals during the remainder of the study. Serum samples were analyzed as described previously.
At the end of the experiment, three barrows and one gilt from each replicate were slaughtered and the metatarsals of the left hind foot were collected from each animal for subsequent bone analysis. The feet were autoclaved at 121 C for 15 rain to facilitate removal of muscle and connective tissue from the bones. Physical properties and strength of each metatarsal were measured as described by Crenshaw et al. (1981) . The bones were then sectioned and dried at 105 C overnight. The dried bones were next extracted with anhydrous ethyl ether for 36 h. The dried fat-free bones were then ashed at 600 C for 8 h. The ashed bones were ground to a fine powder and samples of the powdered ash were dissolved in 20 ml 6 N HC1, filtered, and diluted appropriately for analysis of Ca, Zn and Cu by atomic absorption spectroscopy. Samples of the extracted filtrate were analyzed 
for P by modification of methods described by AOAC (1980), using p-methyl-aminophenol sulfate as the reducing agent. Data were analyzed statistically as described ,for Exp. 1.
Results and Discussion
Exp. 1. The effects of source of supplemental Zn and level of corn oil on average daily gain (ADG), average daily feed intake (ADFI) and feed/gain (F/G) are summarized in table 3. Pigs fed diets with ZnMet w/PA consumed more feed and gained faster (P<.05) than pigs fed diets with ZnMet. There were, however, no differences between pigs fed the two organic Zn sources and pigs fed the unsupplemented basal diets or the basal diets plus 9 or 12 ppm Zn from ZnSO 4. Overall, pigs fed diets with ZnMet w/PA tended to gain faster and consume more feed than those fed the other diets.
Pigs fed the diets with 5% added corn oil ate less feed than the pigs fed the diets without corn oil, probably a reflection of differences in energy levels between the diets. As expected, the addition of 5% corn oil improved (P<.05) the efficiency of feed conversion. There were no interactions observed between Zn source and corn oil addition for ADG, ADFI or F/G.
The effects of Zn source and addition of corn oil on changes in serum Zn, Cu and albumin are presented in table 4. The values represent the change between the initial and final bleedings. The values are expressed in this manner to minimize effects of initial individual pig variations. The change in serum Zn was greater (P<.05) in pigs fed the diets with 5% corn oil than in pigs fed the diets without corn oil. This is probably due to the lower ADFI of the pigs fed the diets with corn oil. The reduction in serum Zn was accompanied by a corresponding increase in serum Cu and reflects the bOA ws 5% added corn oil (P<.05).
Clqone of the d~fferences were dgnificanu well-documented Zn-Cu biological interaction (Ritchie et al., 1963) . None of the other changes in serum Zn, serum Cu or albumin were different among treatments. Serum albumin is considered m be the primary carrier of readily available Zn in the body (Smith et aL, 1979) . Because no differences were observed among treatments for changes in serum albumin, any differences in performance or blood criteria apparently were not due to differences in amounts of carrier proteins.
Overall, skin scores for parakeratosis revealed a slight to moderate d~cmaritis in the ventral areas between the hind legs, with only a few of the pigs having any major involvement. The overall average lesion score was 1.49. No differences were found among treatments.
Exp. 2. The effects of Zn source on ADG,
ADFI and FG conversion are presented in table 5. During the 21-d nursery phase there were no differences among treatments for ADG or ADFi. Pigs fed the two organic Zn sources had a better F/G (P<.06) than those fed ZnSO4. None of the Zn~npplemented diets resulted in F/G ratios that were different from pigs fed the non-Zn-supplemented dielE. This fmding is consistent with the results of Exp. 1.
None of the differences in performance observed during the 56-d growing phase were significant. During the 56-d finishing period, pigs fed the Zn-supplemented diets had greater (P<.O1) ADG and ADF! than pigs fed the unsupplemented diet. No differences in feed conversion among treatments were observed during this phase.
The effect of Zn source on change in serum Zn and Cu is presented in table 6. The changes represent the difference between the initial and fmal concentrations during each phase of the study. Differences in serum Zn between the two experiments are probably due to differences in Zn content of diets prior to the start of each experiment (70 ppm Zn previous to Exp. 1 and 30 ppm Zn prior to Exp. 2). None of the differences among treatments were significant gZ~Oo ~ ~ za O'<.os). The bone data presented in cables 7, 8 and 9 are the a~rage values of the third and fourth bones from 12 pigs per treatment. The effect of Zn source on bone mineralization is shown in table 7. No differences were observed in the percentage of bone ash or Ca_ Pigs fed ZnMe~ w/PA had a lower (P<.01) P content than those fed Zn/~c~ (17.02 vs 17.45%). Zn con~nt of the bone ash was lower (P<.01) in pigs fed the non-Zn-suppicmented control diet than pigs fed the Zn~supplemented diets. Thus, the Zn content of bones reflected the amount of Zn in the diets and the Zn apparently a~ for body saoragc. There were no diffemaces due m treatments in amounts of Cu in bone ash.
The effects of Zn source on bone physical characteristics are presenl~! in table 8. The outs/de ~ of the bones in both the perpendicular and parallel axes (with respect to direction of forces applied during testing) were larger (P<.05) in pigs fed the Zn-supplemented diets than in pigs fed diets without supplemental Zn. This same effect was also obsenaed (P<.01) for the inside diameter measurements. The net result was smaller diameter bones in pigs fed the diets without supplemental Zn, but there were no differences in bone wall thickness (1">.71) or dry fat~ weight (P>.18). The effect of Zn source on mechanical characteristics of bones is presented in table 9. Peak force, a flexure test to measure compressive and tensile forces that bones can withstand, was not different (P>.lS) among treatments. The moment of inertia (a measure of kinetic energy of the bone matrix with consideration for geometrical shape) was greater (P<.05) in bones from pigs fed the Zn-supplemented diets (.21 cm 4 ) than in bones from pigs fed the diets without supplemental Zn (.17 cm4). The distance from the neutral axis to the extreme outer fiber of the bone (C) was different (P<.10) between non-Zn-supplemented pigs and Zn-supplemented pigs and is a reflection of the differences in inside and outside diameters described previously. Stress, a calculated value of force per unit area recognizing the complex geometrical shape to which the force is applied, was higher (P<.10) in bones from pigs fed diets without supplemental Zn than in bones from pigs fed added Zn. Deformation is a measure of a bone's capacity to bend during testing. Means for this response were different (P<.10) between the two organic Zn sources, with bones from pigs fed the ZnMet w/PA exhibiting greater flexibility (.35 cm for pigs fed ZnMet vs .54 cm for pigs fed ZnMet w/PA). Modulus of elasticity is a measure of rigidity and the capacity of bone to return to its original shape after deformation. The higher the modulus of elasticity the more rigid the bone. Treatment means for this trait were not different (P>.16), but there was a tendency for the bones from the non-Zn-supplemented pigs to be more rigid than bones from the Zn-supplemented pigs. There was also a tendency for the bones from pigs fed the ZnMet w/PA to be more flexible than the bones from pigs fed the ZnSO4 or ZnMet. Bones from pigs fed the diets with ZnMet w/PA had the greatest defor- Ccoeff'icient of variation.
dc is the distance from the neutral axis to the extreme outer fiber of the bone. marion, the lowest modulus of elasticity and the lowest P content. Together these three factors suggest that there may be a metabolic interaction between P mineralization of bone and picolinic acid. The low level of Zn in the control diet (50% of 1979 NRC requirement) did not result in differences among treatments in percent bone ash or the proportion of Ca, P or Cu in the bone ash. Low dietary Zn did, however, depress Zn concentration in the bone ash as one might expect. The low Zn diet also resulted in bones of less thickness but greater strength and a tendency for greater rigidity. This indicates that the bones from pigs on the low Zn diet may have had a more tightly bound mineral matrix and a more compact bone, resulting in the same amount of mineralization of bones of lesser thickness.
None of the differences in mechanical characteristics of bone between the ZnSO4 and the two organic Zn sources were significant. There was a general trend for the bones from pigs fed the ZnMet w/PA to have greater peak force (bone breaking strength), higher stress value, greater deformation values and lower modulus of elasticity (less rigidity) than bones from pigs fed the other three treatments, suggesting that the bones from pigs fed the ZnMet w/PA had strong but relatively flexible bones which may be an advantage for pigs reared in total confinement.
The data presented suggest that the Zn sources used are of similar biological value and the data do not support the theory that picolinic acid aids Zn absorption.
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